INTRODUCTION
The thermal decomposition of alkylphosphorothioate has long been known to take place above ca. 130C and has been studied by several workers. [1] [2] [3] [4] [5] [6] [7] [8] The most important reaction induced by heat is the thiono-thiolo rearrangement, 9) followed by thermal decomposition. For example, the isomerization of 0, 0, 0- In this case, one molecule of alkyl phosphorothionate ester may alkylate the sulfur atom of another molecule. The primary product, alkoxy alkylthiophosphonium ion, is disrupted at the 0-alkyl bond and alkylates the sulfur atom of the phosphorothioate ion. The 0-methyl group is transferred much more readily than ethyl and higher alkyl groups. For example, methyl parathion is isomerized 91% into S-methyl phosphorothiolate by heating the pure crystalline compound at 150C for 6. 5 hr, 6) while parathion is isomerized 90% by heating at 150°C for 24 hr, where some other decomposition products were identified as follows, 0-ethyl 0, 0-bis(p-nitrophenyl)phosphorothioate, diethyl p-nitrophenyl phosphate and -nitrophenol.
The aryl ester group does not transfer. The inductive effects of substituents influence the reactivity in the same way as other alkylation reactions. Therefore, the rate of the thermal S isomerization of an ester (CH30)ZPR decreases in the following order, a'
It is also reported4-s' that after isomerization of parathion, its methyl homolog and malathion, longer heating caused further decomposition to produce viscous brown to black material which was insoluble in acetone.
McPherson et al. 7) proposed the two-step mechanism of thermal decomposition of methylparathion.
The first step generates dimethyl sulfide, sulfur dioxide and a mixture indicated to contain mixed poly (aryl metaphosphate). This mixture decomposes to a carbonaceous residue in the second step.
The differential thermal analysis (DTA) diagram of 0, 0-dimethyl 0-(3-methyl-4-nitrophenyl)phosphorothioate has already been reported, 10' where three exothermic peaks were observed at about 150-190, 210-235, 270-285°C in the air. These peaks, however, were not identified.
We also carried out DTA measurement of Sumithion in the nitrogen or helium atmosphere, and observed only two exothermic peaks, that is, the first peak observed in air disappeared in the nitrogen atmosphere. Therefore, we directed our research work to identify the DTA peaks in order to elucidate the thermal decomposition mechanism of Sumithion in air and in the nitrogen (or helium) atmosphere. ried out by an apparatus made in the Central Research Laboratory, Sumitomo Chemical Co. , Ltd. which was composed of the DTA and quadrapole mass spectrometer.
The decomposition products were identified and their amounts were measured by HPLC (high performance liquid chromatography) with a UV detector (254 nm) (Waters 3000).
The retention times are shown in Table 1 . Elementary analyses were also made for some samples.
ESR spectra were measured at elevated temperatures using an ESR spectrometer manufactured by the Japan Electron Optics Laboratory. On the other hand, DTA measurement in the nitrogen atmosphere gives only two exothermic peaks as shown in Fig. 1B , which correspond to the peaks (II) and (III) in Fig. 1A . The peak (I) observed in air disappeared in the nitrogen atmosphere. DTA measurement in the oxygen atmosphere, however, caused enlargement of the peak (I) as shown in Figure 1C . Therefore, the peak (I) is readily supposed to be due to interaction of SMT with oxygen.
S-Me-SMT gave two exothermic peaks both in air and in the nitrogen atmosphere, which correspond to the peaks (II) and (III) of SMT as shown in Figure ID .
When the amount of the sample was 10 mg, Sumioxon gave only one exothermic peak both in air and in the nitrogen atmosphere, as shown in Fig. 2A , which corresponds to the peak (III) of SMT. The declining of the base line to endothermic direction near 220C is due to the evaporation of Sumioxon. In fact, when the amount of the sample was less than 6 mg, only the endothermic peak near 220C due to Bis-SMT gave an endothermic peak near 91C due to melting and two exothermic peaks which correspond to the peaks (II) and (III) of SMT as shown in Fig. 3 .
DMCT gave only one endothermic peak near 110C due to melting and 4-NMC gave two endothermic peaks near 135C and 265C. These data are summarized in Table 2. 2.TGA and TDA TGA and TDA diagrams of SMT in air and in the nitrogen atmosphere are shown in Fig.  4 .It is clear that three and two regions of weight loss are observed in air and in the nitrogen atmosphere,respectively.These regions correspond to DTA peaks (I),(II) and (III),respectively. 3. EGD and EGA Figure 5A shows DTA and EGD diagrams of SMT in air. In this case the detector is an FID cell and two gas evolution peaks are observed, corresponding to the DTA peaks (II) and (III). FID is sensitive only for organic gases, and not for inorganic gases. Therefore, if there is some gas evolution corresponding to the DTA peak (I), it must be due to inorganic gases. When the TIC detector was ap- plied, three gas evolution peaks were observed from SMT in air as shown in Fig. 5B , which correspond to the DTA peaks (I), (II) and (III), respectively. The evolved gases were analyzed by mass spectroscopy at the positions (1) to (6) . The mass spectra obtained are shown in Fig. 6 and the results are summarized in Table 3 . Figure 7A shows an EGA diagram obtained from SMT in helium. The evolved gases were similarly analyzed at the positions (1) to (3) by mass spectroscopy. The results are also shown in Table 3 .
For S-Me-SMT and Bis-SMT, EGD diagrams are shown in Fig. 7B and 7C, and results of the evolved gas analysis are summarized in Table 3 . In Table 3 , EGA data of some authentic compounds are also shown for comparison. From these data, the following conclusions may be made. 1) At the DTA peak (I), sulfur dioxide gas evolves. (Sampling at the positions (2) and (3) for SMT in air.) This is consistent with the fact that no gas was detected by FID at the position of the DTA peak (I).
2) At the DTA peak (II), dimethyl sulfide gas evolves. (Sampling at the position (5) for SMT in air and at the position (1) for SMT in helium.) In the case of SMT in helium, a small amount of sulfur dioxide gas and a slight amount of dimethyl disulfide were also detected. (In air, on the other hand, detector sensitivity was reduced for the protection of the detector, so small amounts of gases were not detected.)
3) At the DTA peak (III), dimethyl sulfide gas evolves for SMT in air. (Sampling at the position (6).) A small amount of dimethyl disulfide and ethane gases were also detected besides dimethyl sulfide for SMT in helium.
(Sampling at the position (3).)
4) S-Me-SMT gives dimethyl sulfide gas below 240C. Dimethyl disulfide gas also evolves above 280C.
5) Bis-SMT gives dimethyl disulfide gas.
4. HPLC Decomposition products were determined by HPLC after heating SMT in air and in the nitrogen atmosphere up to 193C (after the DTA peak (I)) and 235C (after the DTA peak (II)). The results are summarized in Table 4 . It is clear that sumioxon and S-Me-SMT are produced after heating up to 193C in air, while S-Me-SMT is the main product after heating in the nitrogen atmosphere.
After heating SMT to 235C, only 4-NMC and SMe-Bis-SMT are obtained. In this case some viscous product was also produced, which is some kind of polymer, but this product was not detected by HPLC.
The results for S-Me-SMT are shown in Table 5 . S-Me-Bis-SMT was detected after heating up to 170C and 205C, which correspond to before and after the first DTA peak. (Which again corresponds to the DTA peak (II) of SMT.)
Elementary Analysis
Elementary analyses were carried out after heating up to 190, 235 and 285C which correspond to the positions after the DTA peaks (I), (II) and (III), respectively. The results temperatures for SMT in air. A sharp singlet spectrum started to appear at about 220C. The intensity of the singlet gradually increased and at 250C a very large singlet spectrum was obtained, as shown in Fig. 8A . When the spectrum was recorded with expanded scale, no hyperfine structures were observed, as shown in Fig. 8B . The g value is very close to that of free spin (2. 0023). The sharp singlet spectrum indicates that there are delocalized electrons, and the system highly conjugates. It is well known that carbonized materials show such a sharp singlet ESR spectrum, where unpaired electrons are delocalized over the system. 11) 7. The Mechanism of Thermal Decomposition of SMT The results described above are summarized in Table 7 . From these results, the following conclusions are readily obtained.
1) The DTA peak (I) corresponds to sulfur dioxide evolution and Sumioxon formation.
2) The DTA peak (II) corresponds to dimethyl sulfide gas evolution through S-Me-SMT.
3) The DTA peak (III) corresponds to carbonization.
4) S-Me-SMT was gradually produced by heating SMT up to near 190C. 5) S-Me-Bis-SMT was detected after the DTA peak (II), which may be produced via S-Me-SMT.
Considering these conclusions, the mechanism of SMT decomposition can be written as in Fig. 9 , and comments for each DTA peak are written below.
1 The peak (I)
The DTA peak (I) can be attributed to the oxon formation was calculated to be 170-180 kcal/mol. This identification can also be supported by the facts that the intensity of the peak (I) increased remarkably in the oxygen atmosphere, and that no such a peak was observed from SMT in the nitrogen atmosphere, and from S-Me-SMT and Sumioxon. Moreover it is also well known that the thiophosphoryl group is oxidatively desulphurized to the phosphoryl group with various oxidants. 9' At the temperature of the DTA peak (I), isomerization of SMT to S-Me-SMT also takes place.
2 The peak (II)
The peak (II) was observed both in air and in the nitrogen atmosphere and corresponds to dimethyl sulfide evolution. A similar peak was observed from S-Me-SMT and not from Sumioxon. S-Me-SMT was produced from SMT at the temperature before the peak (II), the amount of which is larger in the nitrogen atmosphere than in air. The intensity of the peak (II) shows the same tendency, so the peak (II) can be attributed to dimethyl sulfide elimination via S-Me-SMT.
The reaction, however, does not seem to be a unimolecular * natural flow, ** calculated energy of Sumioxon formation.
Number in the parenthesis is percentage to the amount of sample. Table 9 Peak temperature and peak height of the DTA Peak (II) of Sumithion.
SMT: Sumithion, S-Me-SMT: S-Methyl-Sumithion, Oxon: Sumioxon, Bis-SMT: Bis-Sumithion.
one, as the intensity of the peak (II) is larger in the mixture of SMT and S-Me-SMT than in S-Me-SMT alone as shown in Table 9 . Therefore, in this case dimethyl sulfide gas evolution seems to take place by the reaction of S-Me-SMT and SMT. It was also found that the peak temperature is dependent on the components of the mixture. In the case of SMT, the peak appears at about 230C, while in the case of S-Me-SMT the peak is at about 204C. When Sumioxon or Bis-SMT are mixed with S-Me-SMT, the peak appears at a higher temperature (near 220C) depending on the mixing ratio. Therefore, these compounds must be formed from SMT below and at 220C.
When dimethyl sulfide elimination takes place intermolecularly, polyarylmetaphosphate is produced. This polymer could not be detected by HPLC but the viscosity increase indicates the formation of the polymer. Substituents on phenyl rings of this polymer will be discussed in a subsequent paper12' according to IR measurement.
After this peak, S-Me-Bis-SMT was found. This seems to be produced mainly from SMe-SMT, and partially from Bis-SMT which may be produced at 220C (Table 3) .
The evaporation of Sumioxon also takes place at this temperature.
3 The peak (III)
When the sample was heated up to the temperature of the peak (III), it became black porous material insoluble in organic solvents, and shows the sharp singlet ESR spectrum. The content of sulphur and carbon decreased from the initial value. DMCT did not give such black porous materials. Therefore the formation of the black material is supposed to be due to carbonization of phenolic rings.
Evolution of dimethyl sulfide, dimethyl disulfide and ethane gases was also observed. This gas evolution seems to take place by decomposition of S-Me-Bis-SMT formed after the peak (II).
Formation of S-Methyl-S amithion
As shown in Table 4 , some amount of SMe-SMT was produced after heating SMT up to 193C both in air and in the nitrogen atmosphere. In this case, however, no DTA peak attributable to S-Me-SMT formation was observed. In order to determine the temperature of S-Me-SMT formation, DTA spectra were measured in air for SMT preheated up to several temperatures in the nitrogen atmosphere. As shown in Fig. 10 , SMT preheated up to 130C or 180C showed the peak (I), while in SMT preheated up to 200C, no peak (I) was observed. Therefore, heating up to 200C caused complete isomerization of SMT to S-Me-SMT in a short time. Moreover, after SMT was heated up to 230C, no peaks (I and II) were observed. By this treatment, S-Me-SMT decomposed completely.
9. The Nature of the Reaction o f Sumithion and Oxygen In order to know the nature of the change corresponding to each exothermic peak, repeated DTA measurements were carried out. At first, SMT (10 mg) was heated up to 190C in air in the DTA apparatus, where the first After cooling the sample to room temperature in the DTA apparatus, subsequent DTA measurement was carried out as before. In this case only two peaks corresponding to the peaks (II) and (III) were observed. Similarly the sample preheated up to 235°C in air gave only one peak corresponding to the peak (III). These results are very similar to those in the nitrogen atmosphere, as shown in Fig. 10 . When the sample was agitated before subsequent DTA measurement, however, even the sample preheated up to 190°C in air in the DTA apparatus gave the peak (I), although with smaller intensity. From these results, it is plausible that the reaction corresponding to the peak (I), that is the reaction of SMT with oxygen molecules, takes place only on the surface of the sample and not inside the sample. This may be caused by slow diffusion of oxygen molecules into SMT. If this is the case, the intensity ratio of the peak (I) to the peaks (II) and (III) will change with the amount of the sample applied for measurement. Therefore, DTA measurements were carried out by using various amounts of the sample to give the spectral shape change as shown in Fig.  11A . It is clearly seen that the intensity of the peak (I) increased in comparison with those of the peaks (II) and (III), when the amount of the sample decreased. The dependence of exothermic energy of the peak (I) on the amount of the sample is shown in Fig. 11B . In this case almost linear relation was observed in the region of the smaller amount of the sample, while the intensity tended to saturate with the larger amount of the sample, which seems to be caused by the limited surface area of the sample container. A similar tendency was also observed in the results shown in Table 8 , that is, both the area of the peak (I) and the amount of Sumioxon produced tended to saturate when a larger amount of the sample was used on account of the limited surface area.
Results of Other Phosphorothioates
DTA measurements were carried out for some other kinds of phosphorothioates. Similar results, that is, three exothermic peaks, in air and only two peaks in the nitrogen atmosphere, were obtained for the compounds will be reported in a separate paper.
Conclusion
The thermal decomposition mechanism of Sumithion was elucidated by means of DTA, EGD, EGA, ESR, HPLC, and Elementary Analysis.
It became clear that there are mainly three steps which correspond to the three exothermic peaks in the DTA diagram of Sumithion in air, although McPherson et al. " proposed two-step mechanism in the thermal decomposition of methylparathion.
The three steps are as follows, 1st step (150-190°C) Sumioxon formation with sulfur dioxide gas evolution, that is, reaction of Sumithion with oxygen. 2nd step (210-235°C) Dimethyl sulfide gas evolution through S-Methyl-Sumithion and polymetaphosphate formation. 3rd step (270-285°C) Carbonization of phenolic rings and gas evolution from SMethyl-Bis-Sumithion as by-product In the nitrogen atmosphere, the first step does not take place. Therefore, only two exothermic peaks in the DTA diagram are observed. (1) 6. 5 mg, (2) 3. 6 mg, (3) 2. 4 mg, (4) 1. 5 mg, (5) 1. 2 mg, (6) 0. 5 mg.
A D S-Methyl-Sumithion was also produced after heating Sumithion up to 193°C but no DTA peaks attributable to this reaction were observed.
The reaction of Sumithion with oxygen takes place mainly at the surface of the sample and was found to be diffusion-controlled.
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